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The macroscopic coherent tunneling through the barriers
of a periodic potential is used as an atomoptical filter to sep-
arate the condensate and the thermal components of a 87Rb
mixed cloud. We condense in the combined potential of a
laser standing-wave superimposed on the axis of a cigar-shape
magnetic trap and induce condensate dipole oscillation in the
presence of a static thermal component. The oscillation is
damped due to interaction with the thermal fraction and we
investigate the role played by the periodic potential in the
damping process.
PACS numbers: 03.75.Fi, 32.80.Pj, 03.75.-b
The combination of Bose-Einstein condensates (BECs)
with periodic optical potentials provides a versatile tool
for getting a deeper understanding of macroscopic quan-
tum phenomena, directly addressing the issue of phase
coherence between degenerate coupled Bose gases [1–4]
recently culminating in the observation of the Mott in-
sulator phase transition [5]. Properties of condensates
confined in an optical lattice have opened new perspec-
tives in the investigation of different dynamical phenom-
ena such as superfluid flow [6], atomic Bloch oscillations
[7], the Josephson effect [8] and have stimulated specula-
tions on a wide range of phenomena including solitons [9],
dynamical instability [10] and transport behavior [11].
The dynamics of BECs at finite temperatures, is a chal-
lenging question even in the pure harmonic case. Many
efforts have been devoted to the extension of theoretical
models at nonzero temperature and to the study of the
low-energy collective excitations in presence of a signifi-
cant thermal component [12–17].
From the experimental point of view the effects of
the interactions between the condensate and the ther-
mal fraction on the modes of excitation have been in-
vestigated only in harmonic potentials. Temperature de-
pendence of damping and frequency shifts in quadrupole
and scissors modes have been investigated in a TOP trap
[18,19] while also a damped out-of-phase dipolar oscilla-
tion of the thermal cloud and the condensate has been
observed in a cloverleaf trap [20].
In this Letter we address the problem of the dynamics
of a condensate in a periodic potential at finite temper-
ature. This is done by using an optical lattice as an
atomoptical filter to induce, through a selective manip-
ulation, a relative motion between the condensate and
thermal components of a magnetically trapped mixed
cloud of rubidium atoms. In the presence of the peri-
odic potential these two components respond differently
to a sudden displacement of the magnetic trap. Atoms
with sufficiently long coherence lengths are allowed to
tunnel through the potential barriers of a one dimen-
sional optical lattice while atoms with a higher kinetic
energy remain confined in the potential wells. While the
condensate coherently flows through the optical barriers,
thus performing a dipole oscillation, the thermal com-
ponent is blocked in the presence of the periodic poten-
tial and provides a damping mechanism. In particular,
we observe a sharp change of the damping rate in the
BEC dipole oscillations by increasing the optical poten-
tial depth.
Our procedure for creating Bose condensates in an op-
tical lattice, already described in details elsewhere [6],
can be summarized as follows. Starting with a sample
of ultracold atoms of 87Rb confined in a Ioffe-type mag-
netic trap in the (F = 1,mF = −1) state, we perform rf-
evaporative cooling until we reach a temperature slightly
above the condensation threshold. Next, we superim-
pose a one-dimensional optical lattice to the longitudinal
x-axis of the magnetic trap by means of a far detuned,
retroreflected laser beam. We then continue the evapo-
ration process through the phase-transition temperature
[21]. In this way, the atomic cloud is prepared in an
equilibrium state of the combined magnetic and optical
dipole potentials. In this experiment we typically stop
the evaporation when the fraction of condensed atoms is
≃ 20% corresponding to a temperature T ≃ 120 nK. In
the atomic cloud region the resulting potential has the
form
V = Vmag + Vopt
=
1
2
m[ω2xx
2 + ω2⊥(x
2 + y2)] + sER cos
2
(
2pix
λ
)
(1)
with m the atomic mass, ωx = 2pi × 9 Hz and ω⊥ =
2pi×92 Hz the axial and radial frequency of the magnetic
potential respectively. In (1) the optical potential depth
is expressed, via the dimensionless factor s, in units of
the recoil energy of an atom absorbing one laser photon,
ER = h
2/2mλ2, where λ is the wavelength of the laser
creating the standing wave.
By varying the intensity of the laser beam, (detuned
typically ∆λ ≃ 3 nm to the blue of the D1 line at
λ ≃ 795 nm), we change the value of s up to 2.5.
The optical potential is then calibrated by measuring the
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Rabi frequency of the Bragg transition between the mo-
mentum states −h/λ and +h/λ induced by the stand-
ing wave [22]. Due to the large detuning of the opti-
cal lattice, the maximum spontaneous scattering rate is
Γsp = 0.25 Hz and spontaneous scattering can be ne-
glected on the timescale of our experiment.
In order to induce the relative center-of-mass motion of
the condensate and the thermal fractions in the combined
trap, we first displace instantaneously (tdis ≪ 2pi/ωx)
the magnetic trapping potential in the x-direction by a
distance ∆x = 18µm sufficiently small to remain in the
superfluid regime [6]. After the displacement, the atomic
cloud finds itself out of equilibrium, nevertheless due to
the presence of the optical lattice, only the condensate
is forced into motion by the magnetic potential gradient.
Indeed, when the potential energy given by the displace-
ment is smaller than the optical potential depth, as in
our experiment, a motion along the x-direction can be
established only by means of tunneling through the bar-
riers of the standing wave. We have previously shown
[8] that a pure condensate and a thermal cloud above Tc
behave in a dramatically different way. The coherence
properties of the condensate imply a macroscopic tun-
neling and a collective dipole motion can occur. On the
contrary, the incoherent nature of the thermal cloud dras-
tically reduces the collective tunneling probability, thus
preventing the establishing of a collective oscillation. In
the present work we produce mixed clouds and the op-
tical lattice acts as a filter to separate the coherent and
incoherent components. After the displacement, we wait
half a period of the BEC oscillation in the harmonic trap
(pi/ ωx) then we move back the magnetic potential by the
distance −∆x. At the end of this procedure, the thermal
cloud finds itself at rest in the center of the trap, while
the condensate oscillates inside the thermal cloud with an
initial amplitude 2∆x. After a variable evolution time,
the trapping potential is switched off and the cloud is
imaged subsequently to an additional ballistic expansion
of 28 ms. From the observed column density we deduce
the condensate fraction, the temperature and the center-
of-mass position of both the condensate and the thermal
components in the trap. In Fig. 1 we report three ab-
sorption images corresponding to successive times of the
evolution in the combined trap.
In order to show the effects of the optical lattice on the
dynamics of a mixed cloud, we study the center-of-mass
motion of the condensate and the thermal components
in two different configurations. In one (harmonic case)
we switch off the periodic potential after the preparatory
procedure described above while in the other (combined
case) we leave the lattice on also during the subsequent
evolution.
Harmonic case - In absence of the lattice both the con-
densate and the thermal cloud are free to oscillate. Start-
ing from an off-equilibrium configuration in which the
thermal cloud is at the center of the trap, the conden-
sate mean-field pushes the thermal fraction out of the
potential minimum. During the time evolution the os-
cillation amplitude of the thermal cloud rises until an
equilibrium is reached (Fig. 2a). Notice that, in a pure
harmonic trap, when no relative motion is induced, the
BEC dipolar mode can not be affected by the presence of
the thermal component [23]. We expect that the kinetic
energy lost by the condensate is essentially converted into
kinetic energy of the thermal cloud. From the fit of the
relative center-of-mass position (Fig. 2b) with a damped
oscillation, we obtain a frequency of 8.42±0.04 Hz which
is smaller of roughly 5% from the measured trapping fre-
quency. This is a consequence of the interaction between
the oscillating condensate and the initially stationary
thermal cloud and is similar to the observation reported
in [20] for an oscillating thermal cloud in presence of an
initially stationary condensate.
Combined case - In presence of the optical lattice the
thermal cloud stays locked at the center of the trap due to
its incoherent nature, while the condensate oscillates as
shown in Fig. 3. Again the coupling between the conden-
sate ad the thermal cloud causes damping in the center-
of-mass oscillations of the condensate. Here, the kinetic
energy lost by the BEC during the evolution cannot be
converted into the kinetic energy of the thermal cloud
which is kept fixed by the periodic potential and must
be therefore partly converted into internal energy of the
cloud, partly absorbed by the optical lattice. Note that in
this case the pure condensate would perform undamped
oscillations [6].
We investigate the damping rate of the condensate
center-of-mass motion as a function of the optical po-
tential depth sER for a fixed trap displacement. The ex-
periment is performed in the collisionless regime where
collisions between thermal atoms are negligible. In this
regime Landau damping, present when a thermal bath of
elementary excitations absorbs quanta of the condensate
collective excitations, represents an important mecha-
nism to explain the dynamical behaviour of trapped Bose
gases [24].
For temperatures larger than the chemical potential,
the Landau damping rate of low-energy excitations in
a harmonically trapped Bose-condensed gas can be esti-
mated using the form [23]
ΓL =
3pi
8
kBTaω
h¯c
(2)
where c = h¯
√
4pian0/m is the sound velocity in the center
of the trap, n0 being the central density of the conden-
sate, a the s-wave scattering length and ω the frequency
of the collective excitation. In our case, for small values
of s, we can estimate ΓL calculating the central density
of the condensate in presence of the periodic potential
using a variational approach with a gaussian ansatz for
the condensate wave-function. For s = 0.7 and assuming
a fixed temperature T = 120 nK, we have ΓL = 1.6 Hz
in fair agreement with the experimental results.
In Fig. 4 we show the damping rate measured as a
function of the optical potential depth. Close to s = 1 we
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observe a sudden increase of the damping rate. This oc-
curs in coincidence with the formation of the first bound
state of the condensate in the lattice [25]. Actually the
occurrence of a band structure strongly modifies the en-
ergy spectrum. In particular the Landau damping, being
a resonant energy transfer, strongly depends on the form
of energy spectrum [15] and an adequate treatment would
be needed. In addition a theoretical analysis of finite tem-
perature damping of excitations in presence of a periodic
potential should also include other damping mechanisms
such as inter-component damping recently suggested in
[14]. However, at present, a comprehensive theoretical
analysis which accounts for all the effects introduced by
the presence of the lattice is lacking.
In conclusion, we have demonstrated the operation of
an atomoptical filter capable of separating the conden-
sate and the thermal fraction in a mixed atomic cloud
across Tc. This filtering technique could, e. g., be ap-
plied to spatially separate the ground state of a finite
temperature BEC fully from the thermal component. In
this work, we are able to control the relative motion be-
tween the center-of-masses of the condensate and of the
thermal fraction in a mixed cloud, this enable us to in-
vestigate quantitative effects both in the amplitude and
in the frequency of the dipole oscillations. Damping is
caused by interactions between condensate and the ther-
mal fractions. Novel features are expected in presence of
the periodic lattice potential which modifies the energy
spectrum of the system. Indeed by changing the optical
lattice parameters a sharp rise in the damping rate has
been observed when a bound state is likely to be formed.
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FIG. 1. Absorption images after different evolution times
in the combined trap showing the dipole oscillations of the
condensate inside the thermal cloud.
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FIG. 2. a) Center of mass position of the condensate (open
circles) and the thermal cloud (filled triangles) after the ex-
pansion as a function of the time spent in trap when the opti-
cal potential is switched off after the initial displacement (the
line is a guide to the eye). b) Difference ∆ between the two
components center-of-mass position plotted together with a
fit to the data (continuous line).
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FIG. 3. Center-of-mass position of the condensate (open
circles) and the thermal cloud (filled triangles) after the ex-
pansion as a function of the time spent in the combined trap
(s = 1.8) together with a fit to the condensate center-off-mass
position (continuous line).
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FIG. 4. Damping rate Γ as a function of the optical poten-
tial depth in units of the recoil energy. The occurrence of a
band structure (s > 1) is reflected in a jump of the damping
rate.
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